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glucose transport; incretins; gavage; skeletal muscle MANY STUDIES OVER THE PAST few decades have contributed to the growing understanding of insulin-stimulated glucose transport into skeletal muscle (reviewed in Ref. 9 ). Glucose disposal is highly regulated and is facilitated by the glucose transporter isoform 4 (GLUT4). In resting muscle, GLUT4 resides predominantly (24, 25, 35) in intracellular vesicular pools that can be stimulated to translocate to the plasma membrane in response to various stimuli, including insulin (7) . Binding of insulin to the insulin receptor on the surface of myocytes (41) results in autophosphorylation of the insulin receptor, initiating a signaling cascade involving several intermediates with the end result of GLUT4 translocation to the plasma membrane. The proximal insulin-signaling cascade has been well characterized, and studies have shown that Akt, also known as PKB, is a central mediator of insulin-induced GLUT4 translocation, as inhibition of Akt1 and Akt2 results in a significant decrease in insulin-stimulated glucose uptake (14, 21) .
Several gastrointestinal proteins have been identified to have insulinotropic effects and, therefore, influence postprandial glucose homeostasis. The principle mediators of the enteroinsular axis involve the gut hormones glucose-dependent insulinotropic polypeptide (GIP; also known as gastric inhibitory polypeptide) and glucagon-like polypeptide (GLP), collectively called the incretins (reviewed in Ref. 4) . Although the insulin-stimulating effects of intestinal secretions were postulated in the early 1900s (5, 30) , it was not until many decades later that GIP (8) and GLP (22, 29) were characterized. GIP is synthesized and released from K-cells located in the proximal regions of the small intestine (duodenum and jejunum), while L-cells within the ileum primarily secrete GLP (4) . Inhibition of GIP signaling, or ablation of the GIP receptor (GIPR), impairs glucose homeostasis (16, 27, 44) , and conversely, GIP overexpression improves glucose homeostasis in the face of a high-fat diet challenge (20) , highlighting the importance of GIP in regulating postprandial fuel homeostasis. Although believed to work predominantly at the pancreas to stimulate insulin release in response to glucose or lipid ingestion, an extra-pancreatic role for the incretins in stimulating glucose disposal has been suggested. For instance, in 3T3-L1 adipocytes GIP induces the phosphorylation of Akt, GLUT4 accumulation on the plasma membrane, and glucose uptake (40) . However, the direct role of the incretins in skeletal muscle glucose uptake remains debated in the literature (1, 3, 32, 37, 38) . GLP-1-stimulated glucose uptake has been demonstrated in traditional rodent hind limb muscles (1, 3) . However, recently, these studies have been brought into question, suggesting that GLP-1 works predominantly at the microvasculature and does not have a direct effect on skeletal muscle glucose uptake (37, 38) . In contrast, the effects of GIP on skeletal muscle glucose uptake are much less studied. To our knowledge, only one study has been conducted. O'Harte et al. (32) demonstrated increased glucose transport in mouse diaphragm in the presence of GIP, although no mechanism of action was investigated.
Therefore, the purpose of the current study was to examine the potential for the incretins to regulate rat skeletal muscle glucose transport and to further our understanding of the possible signaling pathways involved, based on the in vivo response to various oral gavage treatments. We provide evidence that, relative to glucose alone, a mixed glucoseϩlipid oral challenge increases plasma GIP concentrations, induces skeletal muscle Akt phosphorylation, and improves glucose homeostasis at the whole body level. In addition, using an incubated muscle preparation, we provide evidence that GIP directly stimulates glucose transport and induces skeletal muscle sarcolemmal GLUT4 accumulation in the absence of insulin. Moreover, the ability of GIP to stimulate glucose transport is prevented by the addition of the phosphoinosotide-3 kinase (PI3K) inhibitor wortmannin, suggesting that the activation of the PI3K/Akt pathway is required for these responses. We further demonstrate that GIP and insulin are additive in stimulating skeletal muscle glucose transport. Finally, we show that the specific GIP receptor antagonist, (Pro 3 )GIP, does not prevent GIP-stimulated glucose transport, suggesting that GIP is not signaling through its classical receptor. Together, the current data provide evidence for an important physiological role for GIP in mediating skeletal muscle glucose transport; however, the exact signaling mechanism remains unknown.
METHODS

Animals
Sprague-Dawley rats [male, Charles River, St. Constant, QC; 9 -11 wk of age (ϳ300 g) for in vivo gavage experiments, ϳ5 wk of age (ϳ100 g) for in vitro incubated soleus strip experiments, and ϳ20 wk of age (ϳ450 g) for quantitative PCR (qPCR) experiments; 150 rats in total] were group housed in a temperature-controlled room with a reverse 12:12-h light-dark cycle (lights on at 8 PM) and were provided with standard rat chow and water ad libitum. All protocols followed the Canadian Council on Animal Care guidelines and were approved by the Animal Care Committee at the University of Guelph.
Gavage Treatment and Blood Collection
On the experimental day, animals were fasted for 4 h prior to treatment (8 AM, the start of the dark cycle). While conscious, animals were given one of three treatments by oral gavage: glucose [GLU, 800 mg: 2 ml of a 40% (wt/vol) solution; BioShop, Burlington, ON, Canada], glucoseϩlipid [MIX, 800 mg each: 3 ml consisting of 2 ml of glucose solution ϩ 1 ml of generic 100% canola oil ϩ 15 l Tween-20 (BioShop) to emulsify], or lipid (LIP, 800 mg: 1 ml of canola oil). GLU was used as an insulin-stimulating treatment, while LIP was used as a non-insulin-stimulating control. We also chose to examine the combination of glucoseϩlipid (MIX). Because the amount of glucose was kept constant between the two glucosecontaining treatments, we hypothesized that there would be no difference in circulating insulin between GLU and MIX, but that the inclusion of lipid could affect glucose handling. For blood analyses, the rats served as their own control (at time ϭ 0); however, for the Akt phosphorylation Western blot experiments, we required a nontreated control group as the experiments were terminal. In this case, the animals were provided a gavage treatment of normal saline (2 ml; 0.9% NaCl; SAL; BioShop).
Blood glucose was measured by glucometer (Freestyle Lite, Abbott Laboratories, St. Laurent, QC, Canada) and serum (Microvette300; Sarstedt, Montreal, QC, Canada), and plasma [EDTA Microvette300; Sarstedt; containing 10 l/ml DPP IV inhibitor (cat. no. DDP4, Millipore, Billerica, MA)] and 15 l/ml aprotinin (cat. no. A6279; Sigma, Oakville, ON, Canada) were collected from the tail vein at various time points. Blood was centrifuged (3,000 g, 10 min, 4°C) within 20 min of collection, and the serum or plasma was removed and stored at Ϫ20°C.
Circulating Hormone Analyses
Insulin ELISA. Serum insulin was measured in duplicate using a commercially available ELISA kit (cat. no. EZRMI-13K; Millipore), as per the manufacturer's instructions.
Incretin BioPlex. Plasma GIP and GLP-1 (active form) were measured in duplicate using a commercially available BioPlex kit (cat. no. RMHMAG-84K; Millipore), as per the manufacturer's instructions.
Tissue Sample Collection and Western Blot Analysis
Rats were anesthetized (pentobarbital sodium, 60 mg/kg ip injection) for all tissue collection and killed by removal of the heart or cervical dislocation. Tibialis anterior (red compartment) for Western blot analysis of total and phosphorylated Akt was collected 15 min postgavage and flash frozen in liquid nitrogen and stored at Ϫ80°C. Giant sarcolemmal vesicles for plasma GLUT4 determination were obtained as described below. Wild-type (WT) and GIP receptor knockout (GIPR KO) mouse gastrocnemius tissue was a kind gift from Dr. Daniel Drucker (Lunenfeld Tanenbaum Research Institute, Mt. Sinai Hospital, Toronto, ON, Canada). Skeletal muscle (25-50 mg) was homogenized as previously reported (17) , and 30 g of muscle homogenate or 7 g of plasma membrane protein was loaded for SDS-PAGE. For the GIPR blots, increasing amounts of protein (5-30 g) were loaded. Proteins were separated on a 7.5% or 10% resolving gel and transferred to PVDF membrane (Roche, Laval, QC, Canada). Membranes were blocked in 7.5% BSA in Tris-buffered saline containing 0.1% Tween-20 (TBS-T) for 1 h at room temperature. Membranes were incubated in primary antibody diluted in blocking solution [anti-GLUT4 (1:4,000), Millipore; anti-tAkt (1: 1,000), anti-pAkt (Ser-473) (1:1,000), and anti-pAkt (Thr-308) (1: 1,000), Cell Signaling, Danvers, MA; and anti-GIPR (1:1,000), Novus Biologicals, Oakville, ON, Canada] overnight at 4°C. After three washes in TBS-T, membranes were incubated in the appropriate horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Dallas, TX), detected using enhanced chemiluminescence (Perkin Elmer, Woodbridge, ON, Canada), and quantified by densitometry (Alpha Innotech Fluorchem HD2, Fisher Scientific, Ottawa, ON, Canada).
Real-Time Quantitative PCR
Rat soleus, extensor digitorum longus, and pancreas (as a positive control) were obtained from anesthetized Sprague-Dawley rats (pentobarbital sodium, 60 mg/kg ip injection), and RNA was extracted using a combined QiaZol and RNeasy tissue kit protocol (Qiagen, Toronto, ON, Canada) followed by DNase treatment (Life Technologies, Burlington, ON, Canada), according to the manufacturer's instructions. Total RNA (0.5 g) was used to synthesize complementary DNA using SuperScript II Reverse Transcriptase, random primers, and dNTPs (Life Technologies). Gene expression was quantified in duplicate by qPCR (AB 7500; Applied Biosystems, Foster City, CA) using 1 l of cDNA template and the specific TaqMan gene expression assay for GIPR (Life Technologies). As different tissues were examined, there is no appropriate housekeeping gene with which to compare the expression of the GIPR. Additionally, qPCR was used to indicate the presence or absence of the GIPR; therefore, average raw threshold cycle (Ct) values Ϯ SE are reported.
Skeletal Muscle Glucose Transport
Soleus strips were obtained from anesthetized rats (pentobarbital sodium, 60 mg/kg ip injection) and were equilibrated for 30 min in 2 ml of pregassed (95% O2-5% CO2) modified Krebs-Henseleit buffer [containing 16% vol/vol sodium bicarbonate and 0.1% BSA; (KHB) warmed to 30°C] supplemented with 8 mM glucose and 32 mM mannitol (M1), in a gentle shaking bath (30 rpm). The soleus strips were washed (2 ϫ 10 min) with glucose-free KHB supplemented with 4 mM of pyruvate and 36 mM mannitol (M2) in the presence or absence of 0.5 g/ml GIP [human full length, dissolved in water; Abcam, Cambridge, MA; cf. (32) 14 C]mannitol; GE Healthcare; M3). After incubation, the tendon was removed, and muscles were blotted, weighed, and then digested in 1 ml of 1 M NaOH (95°C, 10 min). Glucose transport was calculated from the average of two 200-l aliquots of muscle digest to quantify intracellular 3-O-[
3 H]methyl-D-glucose, as described previously (39) . In separate experiments, both 500 ng/ml GIP and a 200 times lower dose (2.5 ng/ml) were used to determine the dose responsiveness of GIP. Additionally, basal glucose transport was determined in the presence of GIP (0.5 g/ml) Ϯ wortmannin [coincubated; 1 M dissolved in DMSO; Sigma; cf. (23)] to determine the role of the PI3K in mediating GIP stimulation of glucose transport. To control for any nonspecific effects of DMSO on glucose transport, an equal volume of DMSO was added to all reaction vials. In further experiments, glucose transport was determined in basal and insulin-stimulated (500 U/ml) conditions in the presence and absence of GIP (500 ng/ml). Finally, glucose transport was determined in basal or GIP-stimulated conditions (500 ng/ml) Ϯ the specific GIPR antagonist (Pro 3 )GIP (0.5 g/ml; compare Ref. 13 ) to determine whether GIP signals through its classical receptor in skeletal muscle. As (Pro 3 )GIP is a competitive inhibitor of the GIPR, we included an additional 30 min of preincubation (in buffer M1) in the presence of (Pro 3 )GIP, but not GIP.
Isolation of Giant Sarcolemmal Vesicles From Incubated Soleus Strips
To measure the direct effect of GIP, in the absence of insulin, on GLUT4 translocation, soleus muscles were incubated under the same conditions as the glucose transport experiments Ϯ GIP (without radiolabel), and giant sarcolemmal vesicles were prepared, as previously described (19) . Briefly, muscle was cut into thin strips and incubated (1 h, 34°C, 100 rpm) in 140 mM KCl/10 mM MOPS (pH 7.4; BioShop) containing collagenase type VII (150 units/ml; Sigma) and aprotinin (10 mg/ml; BioShop). The muscle was washed with additional volumes of KCl/MOPS containing 10 mM Na 2EDTA (pH 7.4; BioShop), and the supernatants were combined (7 ml total). Percoll (3.5%; GE Healthcare, Baie d'Urfé, QC, Canada), KCl (28 mM), and aprotinin (10 g/ml) were added to the supernatant. This solution was layered under 3 ml of 4% Nycodenz (Sigma) and 1 ml KCl/MOPS, and centrifuged (60 g, 45 min, 25°C). The vesicles were harvested from the interface of Nycodenz and KCl/MOPS and pelleted by centrifugation (9,000 g, 5 min, 25°C), and the resulting pellet was resuspended in KCl/MOPS and stored at Ϫ80°C for Western blot analysis (as described above).
Statistical Analyses
Data were analyzed using a two-tailed unpaired Student's t-test or a 1-way ANOVA with a Fisher LSD post hoc test where appropriate using the GraphPad Prism v6.0 software package. A value of P Ͻ 0.05 was considered significant. All data are reported as means Ϯ SE.
RESULTS
Blood Glucose and Serum Insulin Are Modulated Differently in Response to Different Macronutrient Challenges
To determine the efficacy of our gavage treatments, we measured changes in blood glucose following glucose, lipid, or mixed treatments. Following a glucose gavage (GLU), glucose levels peaked at 9.7 Ϯ 0.1 mM (ϩ63%, P Ͻ 0.05) and had returned to baseline by 90 min (Fig. 1A) . Similarly, after a mixed glucoseϩlipid gavage (MIX), glucose levels peaked at 8.2 Ϯ 0.3 mM (ϩ37%, P Ͻ 0.05) and had returned to baseline by 90 min (Fig. 1A ). Blood glucose was significantly higher in the GLU group compared with the MIX group at both 15 (ϩ42%, P Ͻ 0.05) and 30 min (ϩ20%, P Ͻ 0.05) postgavage. Additionally, there was a marked (Ϫ35%, P Ͻ 0.05) decrease in the total area under the curve (AUC) after the MIX treatment compared with GLU alone (Fig. 1B) . Blood glucose levels at baseline were the same between groups. Blood glucose did not change following lipid gavage (LIP; Fig. 1A) , and LIP was different from GLU and MIX at all time points from 5 to 90 min (for clarity, significance symbols have been omitted from graph).
Serum insulin was measured to determine whether the change in blood glucose following the gavage treatment was sufficient to cause an increase in circulating insulin. Serum insulin peaked at 10 (MIX; ϩ390%, P Ͻ 0.05) and 15 min (GLU; ϩ360%, P Ͻ 0.05) postgavage and was not different between the glucose and mixed treatment groups at any time point (Fig. 1C) or by total area under the curve (Fig. 1D) . Serum insulin levels at baseline were the same between groups. Serum insulin levels did not change following lipid gavage (Fig. 1C) , and LIP was different from GLU and MIX at all time points from 5 to 90 min (for clarity, significance symbols have been omitted from graph).
Glucose
Akt Phosphorylation Is Increased to a Greater Extent When Lipid Is Included in a Glucose Oral Challenge
Despite similar serum insulin levels, improved glucose clearance following the mixed treatment suggested enhanced insulin signaling, so we examined Akt phosphorylation at Ser-473 and Thr-308 activation sites in skeletal muscle by Western blot analysis. The MIX treatment increased Akt phosphorylation at Thr-308 2.5-fold over saline and significantly more than GLU alone (trend to a 1.7-fold increase over basal, P ϭ 0.10; Fig. 2, A and C) . The MIX treatment also increased Akt phosphorylation at Ser-473 greater than any other treatment (P Ͻ 0.05; Fig. 2, B and C) . There were no changes in either Akt phosphorylation site following LIP treatment compared with saline (Fig. 2, A and B) , nor did total Akt change following any treatment (Fig. 2C) .
Plasma GIP Levels Are Increased to a Greater Extent in Response to a GlucoseϩLipid Gavage Compared with Glucose Alone
To further elucidate what factor(s) could be increasing insulin signaling and improving glucose handling following the mixed gavage, despite circulating insulin levels similar to the glucose gavage, we measured plasma GLP-1 (active form) and GIP. Following all three treatments, plasma GLP-1 was increased by 5 min and remained elevated for 60 min postgavage (Fig. 3A) . However, at no time point was there any significant difference between treatments. Changes in GIP levels, however, varied by treatment. Following a glucose gavage, GIP was increased (ϩ75%; P Ͻ 0.05) by 10 min, remained elevated, but unchanged through 30 min and had returned to baseline by 60 min (Fig. 3B) . Following a mixed gavage, GIP was elevated by 10 min (ϩ50%, P Ͻ 0.05), continued to increase through 30 min (ϩ158%, P Ͻ 0.05 vs. 0 min), and was still elevated at 60 min (ϩ125%, P Ͻ 0.05 vs. 0 min, but not different from 30 min). By 5 min, the increases in GIP following mixed gavage treatment was greater than that caused by glucose alone (P Ͻ 0.05; Fig. 3B ), and occurred earlier than the increases in Akt phosphorylation. Lipid treatment did not significantly increase plasma GIP (Fig. 3B) . Although the plasma concentration of GLP-1 was elevated following all three gavage treatments, it was not different between treatments, and, therefore, unlikely to be responsible for the improved glucose handling following the MIX treatment. For this reason, we focused solely on GIP as a possible mediator of skeletal muscle glucose transport in the following in vitro experiments.
GIP Increases Skeletal Muscle Glucose Transport in the Absence and Presence of Insulin
We next aimed to determine the ability of GIP to directly affect skeletal muscle glucose handling. Ideally, a muscle- specific GIPR knockout model would be utilized to directly determine the in vivo postprandial effects of ablating GIPmediated signaling in the muscle. Unfortunately, this model does not exist, and using whole body GIPR knockout or pharmacological approaches to ablate GIP signaling would be confounded by the expected decrease in insulin concentrations (26, 31) . Therefore, we utilized an isolated skeletal muscle approach to directly determine the ability of GIP to stimulate glucose transport and plasma membrane GLUT4 accumulation in the absence of insulin. Using this approach, we found that GIP increased glucose transport (ϩ25%; P Ͻ 0.05; Fig. 4A ) and plasma membrane GLUT4 protein content (ϩ50%; P Ͻ 0.05; Fig. 4B ), suggesting a direct effect of GIP on increasing glucose transport into skeletal muscle. Given the previous observations of enhanced GIP concentrations and muscle Akt phosphorylation following a mixed meal, we next aimed to demonstrate a link between GIP and the canonical insulin-signaling cascade. To accomplish this, we coincubated soleus strips with GIP in the presence or absence of wortmannin. Wortmannin is a well-characterized inhibitor of PI3K, an upstream regulator of Akt (23) . Once again, GIP increased glucose transport by ϩ45% (P Ͻ 0.05; Fig. 5 ), and this was prevented by treatment with wortmannin ( Fig. 5) , suggesting that, in skeletal muscle, GIP directly activates the PI3K/Akt signaling cascade.
To further support the link between GIP and the postprandial responses observed following a mixed macronutrient oral challenge, it was also necessary to determine whether GIP increased glucose transport in the presence of submaximal insulin concentrations. Therefore, we determined GIP-stimulated glucose transport in the presence and absence of insulin. Both GIP and insulin increased glucose transport above basal levels (Fig. 6A) ; however, the coincubation of insulin and GIP further stimulated skeletal muscle glucose transport (Fig. 6A ). In addition, the increase in glucose transport in the presence of either GIP or insulin predicted an additive increase in glucose transport that was comparable to the actual response observed (Fig. 6B) . Altogether, the current data support an insulinindependent effect of GIP on regulating skeletal muscle glucose transport.
GIP Does not Signal Thorough its Traditional Receptor To Increase Glucose Transport in Skeletal Muscle
We next aimed to determine the presence of the GIPR in skeletal muscle. Although the expression of the GIPR has been demonstrated in multiple tissues (42), we are unaware of any published reports of GIPR mRNA levels in skeletal muscle. Using GIPR-specific TaqMan primers and probe set, we demonstrated that the presence of the GIPR in skeletal muscle is around 1% of that found in the pancreas (Table 1) . Therefore, to determine whether GIP was stimulating glucose transport in skeletal muscle via signaling through its traditional receptor, we used a specific antagonist of the GIPR, (Pro 3 )GIP (13). However, GIP-stimulated glucose transport was not attenuated by (Pro 3 )GIP (Fig. 7) , and (Pro 3 )GIP alone similarly stimulated glucose transport (Fig. 7) . (Pro 3 )GIP differs from GIP in a single GLU to PRO amino acid substitution at position three. Since the sequence identity is 100% at all other positions, it is plausible that both GIP and (Pro 3 )GIP are interacting with an unknown receptor through another binding motif. This is not surprising as the copy number of the GIPR in skeletal muscle is low (Table 1) . Ideally, the low expression of GIPR could be verified at the protein level; however, GIPR antibodies do not appear to be specific, as we detected the same banding pattern in both WT and GIPR knockout muscles (Fig. 8A) .
Given these unexpected findings, we repeated the GIPstimulated skeletal muscle glucose transport experiments with a 200 times lower concentration of GIP (2.5 ng/ml) to verify the dose responsiveness of GIP. At this concentration, much closer to the levels seen in vivo, GIP was still able to stimulate glucose transport to levels similar to that observed at the higher concentration (Fig. 8B) , suggesting that activation of a novel G protein-coupled receptor is not an artifact of pharmacological concentrations of the hormone.
DISCUSSION
The current study provides evidence that a glucoseϩlipid oral challenge increases serum GIP concentrations, induces skeletal muscle Akt phosphorylation and, therefore, could be related to improved glucose homeostasis relative to the administration of glucose alone. These responses occurred in the absence of changes in insulin concentrations, suggesting that GIP directly activates skeletal muscle glucose transport. In support of this, in an incubated muscle preparation, we provide evidence that GIP directly stimulates glucose transport in a PI3K-dependent manner and stimulates sarcolemmal GLUT4 accumulation. However, it appears that GIP-stimulated glucose transport does not occur via signaling through its classic receptor. Taken together, the current data provide evidence for an important physiological role for GIP in mediating skeletal muscle glucose transport that is independent of insulin, although the exact mechanism remains to be elucidated.
Improved Glucose Handling Following a GlucoseϩLipid Oral Challenge
The initial characterization of postprandial glucose responses following various macronutrient gavage treatments suggested improved glucose clearance when glucose and lipids were combined. Specifically, we found that although both the glucose and mixed treatments caused moderate increases in glucose, peak blood glucose concentrations and the glucose AUC during the subsequent 3 h were attenuated following the glucoseϩlipid treatment, despite equivalent amounts of glucose in the two challenges. In addition, serum insulin concentrations were not different between these two treatment groups, and therefore, increased insulin cannot account for the observed improvement in glucose homeostasis following a mixed oral challenge. The current data support previous findings in humans of improved glucose clearance despite similar insulin concentrations following a mixed meal compared with the independent ingestion of an identical amount of glucose (18) .
In the present study we also observed increased skeletal muscle Akt Ser-473 and Thr-308 phosphorylation following the mixed treatment greater than that seen in the glucose-only group, a response that was independent of circulating insulin concentrations. These data suggest enhanced signaling following the mixed treatment, which could be mediating the observed improvement in glucose homeostasis. To elucidate a potential mechanism, we focused on GIP and GLP-1, as they are secreted by the gut in response to both carbohydrate and lipid ingestion and have been implicated in the activation of various kinases, including Akt (1, 3, 32, 40) . GLP-1 similarly accumulated within the circulation in response to all three oral challenges (GLU, MIX, and LIP), and, therefore, cannot account for alterations in glucose homeostasis. In contrast, while GIP responded to both GLU and MIX, GIP was significantly greater in response to the mixed treatment compared with glucose alone. In addition, lipid alone did not alter GIP concentrations. Combined, these data suggest that glucose, and not lipid, is required to initiate the signaling cascade leading to GIP secretion; however, in the presence of glucose, lipids augment this response. These data are in contrast to a recent report showing that GIP secretion is activated by lipids independently, while coingestion with glucose attenuates the stimulatory effects of lipids (36) . This discrepancy could be related to the lipid source that was used (lard vs. canola oil) or the dose of lipid, which was three times higher than in the present study. Regardless of these differences, the current study strongly implies that consuming a mixture of lipids and carbohydrates improves glucose clearance beyond a potential insulinotropic effect of incretins. Importantly, plasma GIP accumulated earlier than the time points at which we observed increased skeletal muscle Akt phosphorylation and a reduction in blood glucose. Although this does not demonstrate cause and effect, these data suggest GIP may mediate the observed insulinindependent improvement in glucose homeostasis following a mixed meal.
GIP Enhances Basal and Insulin-Stimulated Glucose Transport in Isolated Soleus Muscle Strips
Given the association between glucose handling, circulating GIP and skeletal muscle Akt activation, we performed experiments in an isolated soleus muscle preparation to elucidate the direct effects of GIP on skeletal muscle glucose transport and insulin signaling. Unlike whole body measurements (34, 37) , Values are raw Ct Ϯ SE (n ϭ 3 or 4). Glucose-dependent insulinotropic polypeptide (GIP) receptor RNA measured by TaqMan quantitative PCR in rat soleus, extensor digitorum longus (EDL), and pancreas. using isolated soleus muscle strips allowed us to examine the direct effect of GIP on muscle tissue without confounding factors of blood flow or other circulating neuroendocrine factors (6) . Using this approach, we found that GIP increased both basal and insulin-stimulated glucose transport. In addition, when we compared the increase in glucose transport in the presence of both GIP and insulin, the predicted transport from the sum of each stimulus alone was identical to what was observed with the combined treatments, further suggesting GIP induces skeletal muscle glucose transport in an insulin-independent manner.
In the current study, we cannot rule out the possibility that GLP-1 has a direct effect on skeletal muscle glucose transport. Several reports have shown that, both in vivo and ex vivo, GLP-1 can increase glucose uptake in rodent skeletal muscle (1, 3, 15, 28) ; in contrast, a recent study (37) has suggested that GLP-1 increases microvascular recruitment but not glucose uptake directly in both rats and humans. These authors further demonstrate that GLP-1 can reverse impairments in insulinstimulated glucose uptake caused by short-term high-fat feeding, but that it does not directly stimulate glucose uptake in skeletal muscle (38) . Therefore, a direct role for GLP-1 in mediating skeletal muscle glucose uptake remains controversial. In addition, since the circulating levels of GLP-1 were not different between our treatment groups, GLP-1 is unlikely to be contributing to the improved glucose handling following the MIX treatment observed in this study, and, therefore, we focused on GIP. In contrast to GLP-1, in addition to the current study, demonstrating a direct effect of GIP on glucose transport, GIP has been shown to increase glucose uptake in adipocytes (40) , and in mice, GIP alone increases glucose transport into isolated abdominal muscle to the same degree as insulin (32) . Therefore, although the role of GLP-1 in mediating skeletal muscle glucose uptake remains controversial, evidence is mounting to suggest a direct effect of GIP in skeletal muscle glucose handling.
Wortmannin, but not (Pro 3 )GIP Inhibits GIP-Induced Increases in Glucose Transport
In the current study, the additivity observed with the coincubation of GIP and insulin suggests that either GIP and insulin are working through separate pathways or that under submaximal insulin stimulation, GIP is able to further stimulate members of the insulin signaling pathway. To determine the necessity of insulin-like signaling in mediating the effects of GIP, we demonstrated that GIP-stimulated glucose transport is inhibited by wortmannin, a PI3K inhibitor. Previous work in adipocytes has suggested GIP induces the phosphorylation of Akt (40) , supporting the current interpretations in muscle. In further support of this, we isolated sarcolemmal vesicles from basal and GIP-incubated soleus muscles and found that GIP induced GLUT4 accumulation on the plasma membrane, a PI3K/Akt-mediated process. Combined, these data suggest that intact peripheral signaling through PI3K is required for the beneficial effects of GIP-mediated improvements in skeletal muscle glucose transport.
Surprisingly, when we attempted to inhibit GIP-stimulated glucose transport with the specific GIPR antagonist, (Pro 3 )GIP, we found that glucose transport was not blunted, but that (Pro 3 )GIP was also able to stimulate glucose uptake to the same extent as GIP. This suggests to us that GIP is not signaling through its traditional receptor in skeletal muscle.
The GIPR is a member of the G protein-coupled receptor (GPCR) superfamily, of which there are still hundreds of orphans, or receptors with no known ligand (reviewed in Ref. 10); therefore, it is possible that given their sequence homology, GIP and (Pro 3 )GIP are binding to another GPCR in skeletal muscle to stimulate glucose transport and GLUT4 accumulation at the plasma membrane. In support of this hypothesis, Wang and colleagues (43) demonstrated that both GLUT4 translocation and glucose uptake could be stimulated, in cell culture, by activation of G i ␤␥, independent of insulin. Additionally, they demonstrated that this was dependent on the phosphorylation of Akt and inhibited by wortmannin, also in agreement with our study. Given the low copy number of the GIPR transcript in skeletal muscle and the technical difficulties with antibodies for the detection of GIPR (and other GPCRs) at the level of expressed protein (this study and Refs. 12 and 33), it is difficult to confirm the presence of the GIPR in rodent skeletal muscle. However, traditional GIP-GIPR signaling does not appear to be required for the glucose transport-stimulating effects of GIP in skeletal muscle.
Perspectives and Significance
Taken together, our data suggest that independent of insulin, GIP can stimulate skeletal muscle glucose uptake in a PI3K-dependent manner, possibly through an unknown GPCR. Given that defects in signal transduction at insulin receptor substrate-1, upstream of PI3K, is believed to be one of the main contributors to insulin resistance (reviewed in Ref. 11), circumventing this portion of the insulin-signaling cascade could lead to improved glucose handling, independent of insulin. This is of clinical relevance, as the incretins are seen as a possible target for the treatment of Type 2 diabetes (reviewed in Ref.
2), a disease state associated with peripheral insulin resistance and reductions in insulin-induced Akt phosphorylation.
Summary
The data presented in this study provide evidence that an oral glucose challenge containing lipids results in lower peak blood glucose, as well as improved glucose clearance, but no difference in circulating insulin compared with glucose alone. This improvement in glucose handling is temporally matched by increased phosphorylation of Akt at Ser-473 and Thr-308, as well as circulating GIP. Additionally, the data demonstrate that GIP increases both basal and insulin-stimulated glucose transport in isolated soleus muscle, a response inhibited by the PI3K inhibitor, wortmannin, but not the GIPR-specific antagonist (Pro 3 )GIP. Taken together, these data suggest that GIP can improve glucose homeostasis by directly stimulating skeletal muscle glucose; however, the exact mechanism remains to be elucidated.
